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and there were significant differences in their substrate 
utilization patterns between aerobic and anaerobic incuba-
tions, and among the different zooplankton groups. Through 
trophic interactions, phytoplankton-associated or free-living 
bacteria may be introduced to the anoxic zooplankton gut 
and its associated bacterial community. Inclusion of these 
anaerobic microenvironments and their microbial inhabit-
ants increased the total number of substrates used by 57 % 
over what was used by aerobic phytoplankton-associated 
bacteria alone, and by 50 % over what was used by aerobic 
free-living bacteria in the York River. Therefore, the pres-
ence of zooplankton-associated microhabitats and their bac-
teria expanded the functionality of aquatic microbial com-
munities and led to a more comprehensive substrate usage.
Introduction
Heterotrophic bacteria are responsible for processing a 
significant portion of the primary production within the 
aquatic systems (e.g., Cole et al. 1988) by utilizing both 
particulate and dissolved carbon substrates from phyto-
plankton (Larsson and Hagström 1979; Middelboe et al. 
1995; Sundh 1992) and organic aggregates (Simon et al. 
2002). Although the biochemical composition of dissolved 
organic matter in estuaries has been characterized (Man-
nino and Harvey 2000), the microbial utilization of spe-
cific substrates is difficult to monitor (Hedges et al. 2000). 
The types of substrates turned over within a system may 
be largely dependent upon the functional capabilities of the 
bacterial community, which can be influenced by the physi-
cal conditions within the environment.
Typically, the metabolic profiles of free-living bacterial 
communities (Schultz and Ducklow 2000; Sala et al. 2005, 
2006, 2008) or aggregate-associated bacterial communities 
Abstract Mesozooplankton provide oxic and anoxic 
microhabitats for associated bacteria, whose carbon sub-
strate usage activities complement those of the ambient 
bacteria. The metabolic profiles of bacterial communi-
ties associated with the calanoid copepod Acartia tonsa 
under aerobic and anaerobic conditions were examined in 
comparison with phytoplankton-associated bacteria. Car-
bon substrate usage by phytoplankton-associated bacteria 
was significantly different than that of copepod-associated 
bacteria in both aerobic and anaerobic conditions. Sub-
strate utilization by copepod-associated bacteria was more 
dependent upon oxygen condition than whether the bacte-
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gut. Results suggest that gut bacteria were responsible for a 
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ciated bacteria. The metabolic profiles of bacteria associated 
with six common zooplankton groups and free-living bacte-
ria collected in July 2012 from the York River estuary, Vir-
ginia, (37°14′50.36″N, 76°29′58.03W) were also compared, 
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(Lyons et al. 2010; Lyons and Dobbs 2012) are only 
assessed under aerobic conditions. Facultative anaerobic 
bacteria can be present within the water column (Crump 
et al. 2007), but their anaerobic metabolic capabilities are 
often neglected, resulting in an under-appreciation of the 
true functional capabilities of the entire aquatic microbial 
community.
When a phytoplankton cell is ingested by a zooplank-
ter, it and its associated bacteria will be exposed to differ-
ent chemical and physical microenvironments as they travel 
down the zooplankton gut. The region near the mouth 
opening is likely oxic, transitioning to anoxic in the meta-
some region, and back to oxic near the anal pore (Tang 
et al. 2011). The food particle would also encounter the 
zooplankton gut bacterial community (Sochard et al. 1979; 
Nagasawa 1992; Harris 1993), which contribute to addi-
tional substrate turnover (Tang et al. 2001).
Considering the presence of bacterial communities 
within zooplankton microhabitats, the functional capabili-
ties of an aquatic microbial community will be underesti-
mated if we only take into account the aerobic, free-living 
or particle-attached bacteria. We postulate that free-living, 
phytoplankton-associated, and zooplankton-associated bac-
teria have different metabolic profiles under aerobic and 
anaerobic conditions, and complement each other to allow 
for a more complete usage of available substrates. Recent 
studies have indicated that different co-occurring zooplank-
ton groups can support different bacterial communities 
with slightly different metabolic profiles (Grossart et al. 
2009; Bickel et al. 2014); therefore, microbial utilization of 
substrates within an aquatic system may be augmented fur-
ther by the presence of different zooplankton groups.
Biolog EcoPlates™ provide an efficient way to char-
acterize the metabolic profiles of bacterial communities 
by assessing the usage of 31 carbon substrates commonly 
used by environmental bacteria (e.g., Garland and Mills 
1991; Choi and Dobbs 1999; Sala et al. 2005; Lyons and 
Dobbs 2012). Twenty-one of the 31 substrates present on 
the EcoPlate are known to be utilized by anaerobic bacte-
ria, which allows for characterizing carbon substrate utili-
zation by both aerobic and anaerobic bacterial communities 
(Christian and Lind 2006). This study utilized Biolog Eco-
Plates in a combination of laboratory experiments and field 
samplings to investigate the metabolic profiles of the bacte-
rial communities associated with a variety of zooplankton 
within the York River estuary, a tributary of Chesapeake 
Bay. The flexibility of the EcoPlate design and variety of 
potential incubation conditions (i.e., aerobic and anaerobic) 
allow for (1) a comparison of the carbon substrates utilized 
by phytoplankton-associated and zooplankton-associated 
bacterial communities in both aerobic and anaerobic con-
ditions; (2) an examination of which substrates are used 
in the zooplankton microenvironments to determine how 
zooplankton diversity and their associated bacteria can aug-
ment substrate usage by microbes within the water column.
Materials and methods
Laboratory experiments
Acartia tonsa copepodites and adults were concentrated 
from laboratory cultures onto a 200-µm mesh sieve and 
transferred to sterile 1-L incubation bottles contain-
ing 800 mL of sterile filtered artificial seawater (ASW) 
and 200 mL of the chlorophyte Dunaliella tertiolecta 
(2.3 × 105 cells mL−1 final density). Incubation bottles 
were gently aerated, and the copepods were allowed to feed 
overnight at 25 °C. Afterward, the copepods were gently 
collected onto 200-µm mesh sieves, transferred to 500 mL 
of ASW and allowed to clear their guts for 4 h to eliminate 
any food remains. Afterward, copepods were again concen-
trated onto a sieve, rinsed gently with ASW, back rinsed 
into a sterile petri dish, and narcotized with sodium bicar-
bonate to facilitate sorting. Copepods fully recovered from 
narcotization after transfer to clean water, and preliminary 
experiments indicated that treatment with sodium bicarbo-
nate did not influence copepod-associated bacterial abun-
dance or function. The narcotized copepods were evenly 
divided for two treatments: One group received no treat-
ment for assessing the entire copepod-associated bacterial 
community (hereafter referred to as “epibiotic +gut” or 
“epi + gut”). It is difficult to physically separate epibiotic 
and gut bacterial communities; therefore, to assess only 
the gut bacteria (hereafter referred to as “gut”), the second 
group of copepods was placed in a 5 % sodium hypochlo-
rite solution for 5 min then gently rinsed with ASW to 
remove any residual hypochlorite. King et al. (1991) found 
that treatment with a weak hypochlorite solution effectively 
removed externally attached bacteria while leaving gut bac-
teria unharmed. Treatment with weak hypochlorite has also 
been used to remove external contaminating DNA from 
arthropod predators when extracting DNA for gut content 
analysis (Greenstone et al. 2012).
From each treatment, six replicates of 13–14 copep-
ods were picked and transferred to a centrifuge tube con-
taining 5 mL of ASW for aerobic and anaerobic incuba-
tions, respectively, for a total of 24 tubes. Each sample 
was homogenized on ice with an ultrasonic homogenizer 
at 4W output power for 40 s (modified from Tang 2005). 
The homogenates were centrifuged at 700 rpm for 10 min 
at room temperature to precipitate any tissue remains, and 
150 µL of the bacteria-containing supernatant was added to 
each well of an EcoPlate. Each of the replicate samples was 
loaded onto one of the three sets of replicate wells within 
each EcoPlate in order to achieve true replication within 
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one plate. Samples for anaerobic incubation were placed 
in a gas-tight chamber containing a Mitsubishi Anaeropak 
to create an oxygen-free environment. The anaerobic con-
dition inside the chamber was verified by a small vial of 
0.0002 % Rezasurin anaerobic indicator (Karakashev et al. 
2003). Both aerobic and anaerobic incubations were per-
formed in the dark at 25 °C for 1 week, after which the final 
optical density (OD) of each well was measured at 590 nm.
To assess substrate usage by food-associated bacteria 
(hereafter referred to as “Food”), six replicate 15 mL ali-
quots of Dunaliella cultures were added to sterile centri-
fuge tubes and placed at 25 °C overnight. The samples were 
then centrifuged for 15 min at 1,600 rpm to concentrate the 
phytoplankton cells and allow removal of excess growth 
media. Visual inspection verified that centrifugation did not 
damage the phytoplankton cells. Each concentrated sample 
(250 µL, 3.45 × 106 cells) was divided into two portions: 
one for aerobic incubation, one for anaerobic incubation. 
The concentrated samples were diluted to 5 mL with ASW, 
and were then processed and incubated in the same manner 
as the copepod samples.
Aerobic and anaerobic bacteria associated with York River 
zooplankton
Zooplankton were collected during high tide from the 
York River, a tributary of Chesapeake Bay, near Glouces-
ter Point, Virginia. Collection was done on two occasions, 
2 weeks apart in July 2012, with a 200-µm mesh plankton 
net. In situ water temperature was 24 °C at the time of both 
collections. During the first sampling, only the ctenophore 
Mnemiopsis leidyi was present in sufficient quantity for 
analysis. Individual Mnemiopsis sustained some bodily 
damage during collection but remained alive and active. Six 
individual Mnemiopsis, ranging 2.8–3.7 cm in size (average 
3.4 cm), were gently placed in 300 mL of ASW (20 psu) 
and allowed to clear their guts for ca. 1 h. Afterward, each 
individual was transferred to a separate centrifuge tube, and 
the volume in each tube was brought to 7.5 mL with ASW.
A more diverse zooplankton assemblage was collected 
during the second sampling, which included crab zoea, 
polychaete larvae, harpacticoid copepods, and the calanoid 
copepods Acartia tonsa and Parvocalanus sp. After collec-
tion, the mixed assemblage was transferred to 2 L of ASW 
and allowed to clear their guts for 1 h. Triplicate samples 
for each zooplankton taxa were sorted for incubations. 
Depending on the abundance, 2–15 individuals per repli-
cate of each taxon were used. On both sampling occasions, 
surface water samples (York River Water, YRW) were col-
lected in triplicate to assess the carbon substrate usage of 
free-living bacteria. From each sample, 15 mL of whole 
water were placed in a centrifuge tube. All zooplankton 
and water samples were homogenized, centrifuged and 
added to EcoPlates, which were incubated in the dark for 
1 week at 25 °C under both aerobic and anaerobic condi-
tions, and the final OD were measured in the same manner 
as described earlier.
Statistical analyses
All OD readings were corrected for control OD val-
ues within each plate. Any negative values were con-
verted to zero before further analysis. Average substrate 
color development (ASCD), expressed as a percentage, 
was determined for each individual substrate by dividing 
the corrected absorbance of the substrate by the sum of 
absorbances of all substrates. This calculation minimized 
the influence of the bacterial density in the inoculum and 
allowed for comparisons among different plates (Sala et al. 
2005). The ASCD indicates what percentage of the total 
color development each substrate is responsible for; a sub-
strate was considered utilized if it contributed more than 
2 % of the total absorbance. Similarity matrices for ASCD 
values were constructed with Bray–Curtis similarity coef-
ficients for both laboratory and field experiments. Analysis 
of similarity (ANOSIM) was performed with the program 
PRIMER 6 to test for significant differences in substrate 
usage patterns. Similarity matrices were also used to gen-
erate non-metric multidimensional scaling (MDS) plots to 
visualize the relationships of substrate utilization patterns 
among the samples. ASCD values for individual substrates 
and cumulative values for biochemical categories (as cat-
egorized by Choi and Dobbs 1999) were not normally dis-
tributed and could not be normalized via transformation; 
the nonparametric Kruskal–Wallis test was therefore used 
to test for differences among the samples.
Results
Laboratory experiments
Under aerobic condition, food-associated bacteria (food) 
utilized on average 14 substrates, bacteria from untreated 
copepods (epi + gut) utilized 13 substrates, and bacteria 
from the hypochlorite-treated copepods (gut) utilized 12 
substrates. Under anaerobic condition, 19, 11 and 12 sub-
strates were utilized by each group, respectively (Fig. 2). 
While the total number of substrates utilized was simi-
lar among the three bacterial groups, there were signifi-
cant differences in type and intensity of substrate usage 
between aerobic and anaerobic conditions (ANOSIM, 
global R = 0.29, P = 0.002), and among the different sam-
ple groups (ANOSIM, global R = 0.125, P = 0.019). MDS 
showed that the metabolic profiles of food-associated bac-
teria differed between aerobic and anaerobic conditions, 
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and both were different from epi + gut and gut bacteria 
(ANOSIM, P = 0.011 and P = 0.003, respectively), regard-
less of the oxic condition (Fig. 1). d-galacturonic acid and 
d-xylose were used by food-associated bacteria but not 
copepod-associated bacteria in aerobic condition. Those 
two substrates along with β-methyl-d-glucoside, l-threo-
nine and putrescine were used exclusively by food-associ-
ated bacteria in anaerobic incubations (Fig. 2). Conversely, 
a number of substrates were used by copepod-associated 
bacteria in aerobic incubations but not by food-associated 
bacteria, including d-glucosaminic acid, glycogen, d-galac-
tonic acid-γ-lactone, l-threonine and glycyl-l-glutamic 
acid (Fig. 2).
Within sample types, the bacteria also showed signifi-
cant differences between aerobic and anaerobic incubations 
in usage intensity for pyruvic acid methyl ester, glycogen, 
d-cellobiose, d-xylose, d-mannitol, N-acetyl d-glucosa-
mine, and d–l glycerol phosphate (Fig. 2). Most notably, 
pyruvic acid methyl ester was heavily used in aerobic con-
dition, especially by food-associated bacteria, but was not 
utilized in anaerobic condition. Six substrates were utilized 
by food-associated bacteria anaerobically but not aerobi-
cally: tween 40, glycogen, i-erythritol, putrescine, glycyl-
l-glutamic acid and l-threonine (Fig. 2).
There was no difference among sample types in the per-
centage of total substrate usage for the biochemical catego-
ries carboxylic acids (Kruskal–Wallis, H = 9.42, P = 0.093), 
carbohydrates (Kruskal–Wallis, H = 2.25, P = 0.774), phe-
nolic compounds (Kruskal–Wallis, H = 6.46, P = 0.264), 
amino acids (Kruskal–Wallis, H = 4.19, P = 0.522) and 
amines (Kruskal–Wallis, H = 4.44, P = 0.488). In contrast, 
aerobic gut bacteria exhibited lower polymer usage than 
anaerobic epi + gut (P = 0.0021) and anaerobic food-associ-
ated bacteria (P = 0.0063).
Among the copepod-associated bacteria, substrate 
usage patterns depended less on where the bacteria were 
located (epi + gut vs. gut) than on the oxygen envi-
ronment (aerobic vs. anaerobic). Substrate usages by 
epi + gut and gut bacteria in anaerobic incubations were 
very similar; in aerobic condition, however, there were 
greater differences between the two groups as shown 
by MDS (Fig. 1). d-glucosaminic acid, d-mannitol, 
N-acetyl-d-glucosamine, l-asparagine and l-threonine 
were used by epi + gut bacteria but not gut bacteria 
(Fig. 2).
York River zooplankton-associated bacteria
Among the zooplankton taxa, polychaete-associated 
bacteria utilized the most substrates aerobically (20 sub-
strates), and Parvocalanus-associated bacteria utilized 
the most anaerobically (17) (Fig. 4). All replicates were 
used in the ANOSIM, but only the average substrate uti-
lization patterns are presented in the MDS plot to aid 
comparison (Fig. 3). There was a significant difference 
in the metabolic profiles between aerobic and anaerobic 
conditions (ANOSIM, global R = 0.412, P = 0.001). 
Zooplankton-associated bacteria overall exhibited sig-
nificantly different metabolic profiles than free-living 
bacteria (ANOSIM, global R = 0.367, P = 0.001 for 
aerobic condition; global R = 0.413, P = 0.001 for 
anaerobic condition). Additionally, the carbon substrate 
utilization pattern of Mnemiopsis-associated bacteria 
was significantly different than all other groups in aer-
obic condition (ANOSIM, P < 0.05), while substrate 
usage by Acartia-associated bacteria was significantly 
different from all other in anaerobic condition (ANO-
SIM, P < 0.05).
Under aerobic condition, substrate usage within York 
River water samples was 34.5–74.4 % similar (54.4 % 
average). Likewise, substrate usage similarity for zoo-
plankton-associated bacteria ranged from 48.2 % (Crab) 
Fig. 1  MDS plot of Bray–Cur-
tis similarities generated from 
average carbon substrate utiliza-
tion patterns of food, epi + gut 
and gut bacteria. Data points 
closer together indicate greater 
similarity among samples. 2D 
stress = 0.01
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Fig. 2  Mean ASCD values 
(n = 6) for substrates utilized 
by food-associated (a), copepod 
epi + gut (b) and copepod gut 
bacteria (c) under aerobic (gray 
bars) and anaerobic conditions 
(black bars). The dash line 
represents the threshold of 2 % 
to determine whether a substrate 
was used or not
Fig. 3  MDS plots of Bray–
Curtis similarities for average 
substrate utilization patterns 
(n = 3) by free-living bacteria 
and zooplankton-associated 
bacteria collected from the York 
River. 2D stress = 0.11
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Fig. 4  Mean ASCD values 
(n = 3) for substrates utilized 
by free-living bacteria in York 
River water samples and by 
zooplankton-associated bacteria 
in aerobic (gray bars) and 
anaerobic conditions (black 
bars). The dash line is the 
threshold of 2 % to determine 
whether a substrate was utilized 
or not
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to 69.2 % (Acartia) within groups and 16.8–84.5 % across 
zooplankton groups. Free-living bacteria from YRW sam-
ples utilized 12–19 substrates, and zooplankton-associated 
bacteria utilized 11–20 substrates. Under anaerobic condi-
tion, the substrate usage by free-living bacteria was much 
more similar among samples (average 78.8 % similarity). 
However, substrate usage by zooplankton-associated bacte-
ria was still quite variable with 41.7 % similarity among 
zooplankton groups. Bacteria from water samples used 
16–19 substrates and zooplankton-associated bacteria used 
between 10 and 17 substrates.
Four substrates were utilized by zooplankton-associated 
bacteria but not free-living bacteria under aerobic condi-
tions (d-glucosaminic acid, d-xylose, d-galactonic acid-γ-
lactone and l-serine; Fig. 4). Another four substrates were 
utilized exclusively by zooplankton-associated bacteria 
anaerobically (α-ketobutyric acid, 2-hydroxybenzoic acid, 
l-phenylalanine, and l-threonine; Fig. 4), and two sub-
strates were utilized only by zooplankton-associated bac-
teria in both aerobic and anaerobic conditions (d-galactu-
ronic acid and phenylethylamine; Fig. 4). An additional 8 
substrates showed intense utilization by zooplankton-asso-
ciated bacteria under anaerobic condition (Fig. 3).
Many individual substrates were used in different inten-
sities by the different bacterial groups, such as pyruvic acid 
methyl ester, itaconic acid, d-malic acid, α-cyclodextrin, 
glycogen, N-acetyl-d-glucosamine, d–L-α-glycerol phos-
phate, d-galactonic acid-γ-lactone and l-serine. Similar to 
the laboratory experiments, pyruvic acid methyl ester was 
not used in aerobic condition (Fig. 4).
Among the different sample types and oxygen incu-
bations, there was no difference in the percentage of 
the total usage of the biochemical categories polymers 
(Kruskal–Wallis, H = 19.69, P = 0.184), carbohydrates 
(Kruskal–Wallis, H = 15.59, P = 0.410), phenolic com-
pounds (Kruskal–Wallis, H = 22.95, P = 0.085), amino 
acids (Kruskal–Wallis, H = 19.53, P = 0.191) and amines 
(Kruskal–Wallis, H = 23.45, P = 0.075). There was a 
significant difference among samples for the percent-
age of total usage of carboxylic acids (Kruskal–Wallis, 
H = 32.87, P = 0.005). Carboxylic acid usage by free-
living bacteria under both aerobic and anaerobic conditions 
was less than that of many of the zooplankton-associated 
bacterial communities.
Discussion
Substrate usage by phytoplankton- and copepod-associated 
bacteria
By comparing the metabolic profiles among the different 
samples (Fig. 2), one could deduce that bacteria within the 
aerobic portions of copepod guts or attached to external sur-
faces augmented substrate usage under aerobic conditions, 
increasing the total number of substrates utilized from 14 to 
19. In fact, it is possible that the usage of some substrates 
may be limited to the zooplankton microenvironment. 
The substrates α-d-lactose d-malic acid and d–l-α glyc-
erol phosphate contributed a large proportion of all sub-
strates used aerobically by zooplankton-associated bacteria 
(Fig. 2). These substrates were also utilized by the phyto-
plankton-associated bacteria, but each contributed <10 % 
of the total color development. These substrates were not 
utilized by free-living bacteria from the Arctic (Sala et al. 
2008), Antarctic (Sala et al. 2005), Mediterranean (Sala 
et al. 2006) or Chesapeake Bay (Lyons and Dobbs 2012), 
nor were they used by aggregate-associated bacteria in a 
tributary of Chesapeake Bay (Lyons et al. 2010; Lyons and 
Dobbs 2012). While substrate usage can vary from location 
to location (Schultz and Ducklow 2000; Sala et al. 2006), it 
is possible that zooplankton provide consistent sites for the 
turnover of specific substrates. For example, α-d-lactose 
accounted for nearly a quarter of aerobic substrate usage 
by epi + gut bacteria (Fig. 2), and multiple strains of Act-
inobacteria isolated from zooplankton were able to utilize 
lactose (Kim et al. 2008).
The usage of 19 substrates in anaerobic incubations of 
phytoplankton samples indicated that viable anaerobic 
bacteria were attached to phytoplankton. The metabolic 
activity of these anaerobes, however, is likely limited by 
the presence of oxygen in the surrounding environment. 
Hypoxia and anoxia are chronic phenomena in Chesapeake 
Bay (Officer et al. 1984), but are typically restricted to the 
deep main channel and other bottom waters. Consequently, 
phytoplankton and their associated bacteria do not nor-
mally experience hypoxic/anoxic conditions in the upper 
water column. Dead phytoplankton cells may be incor-
porated into organic aggregates, which support but only 
ephemeral microanoxic zones (Ploug et al. 1997; Ploug 
2001). In contrast, the copepod gut represents a persistently 
hypoxic/anoxic microenvironment within an otherwise 
oxygenated water column (Tang et al. 2011). Upon inges-
tion by a copepod, phytoplankton-associated bacteria tran-
sition from an oxic environment to the anoxic microhabitat 
within the copepod gut, where the bacteria can express dif-
ferent metabolic profiles. In our experiments, inclusion of 
this anaerobic microhabitat increased the total number of 
substrates utilized by phytoplankton-associated bacteria by 
50 % over what was used in aerobic condition alone.
In addition to phytoplankton-associated bacteria, 
ingested particles would also be subject to bacterial activi-
ties within the copepod gut (Sochard et al. 1979; Nagasawa 
1992; Harris 1993). As mentioned previously, regions near 
the copepod mouth and anal pore are likely oxic with an 
anoxic zone in the metasome regions of the gut (Tang et al. 
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2011). Adult polychaete worms, which have a planktonic 
larval stage, had a higher density of aerobic bacteria near 
the mouth and an increasing density of anaerobic bacteria 
with distance away from the mouth (Li et al. 2009). Inclu-
sion of the anaerobic metabolic profile expanded the total 
number of substrates utilized by 41 % for copepod gut bac-
teria and 21.3 % for epi + gut bacteria. When all bacterial 
communities (phytoplankton and copepod-associated) and 
physical conditions (aerobic and anaerobic) are considered 
together, the total number of substrates utilized increased 
by 57 % over what would typically be observed if only aer-
obic, phytoplankton-associated bacteria are assessed. Thus, 
by linking these two microenvironments and bacterial com-
munities through trophic processes, the bacterial metabolic 
profile of the whole system is much broadened.
There are two different microenvironments within a 
copepod: the gut and external surfaces. The MDS plot 
(Fig. 1) indicated that the oxygen conditions were more 
important for shaping the metabolic profile of copepod-
associated bacteria than the location of the bacteria. The 
high similarity of anaerobic profiles between gut and 
epi + gut bacteria suggests that the gut bacteria were 
responsible for a large portion of the anaerobic substrate 
usage. Larger differences between the two copepod-associ-
ated bacterial communities were observed in aerobic con-
ditions. While portions of the gut were likely oxygenated, 
bacteria within these locations would only encounter sub-
strates ingested by the zooplankter. In contrast, externally 
attached bacteria could access substrates produced by the 
copepod via sloppy feeding (Møller 2005) or excretions 
(Carman 1994; Møller et al. 2007) in addition to substrates 
present within the water column. For example, N-acetyl-
d-glucosamine, the structural monomer of chitin, which is 
the main constituent of the copepod’s exoskeleton, contrib-
uted largely to the metabolic profile of aerobic epi + gut 
bacteria, but was not utilized by gut bacteria. Many marine 
bacteria utilize N-acetyl-d-glucosamine (Riemann and 
Azam 2002), especially Vibrio, which are known to attach 
to external surfaces of zooplankton (e.g., Huq et al. 1983; 
Heidelberg et al. 2002) and may use the zooplankton cara-
pace itself as a substrate source (Carman and Dobbs 1997).
Bacterial substrate usage among different zooplankton 
groups
The mesozooplankton community within the York River is 
typically dominated by the calanoid copepod Acartia sp., 
but many other groups can be seasonally abundant (Stein-
berg and Condon 2009). It has recently been shown that 
at a given point in time different zooplankton groups can 
support different bacterial communities with distinct meta-
bolic profiles (Bickel et al. 2014). Zooplankton-associated 
bacteria augmented the total number of substrates used in 
aerobic condition by 30 %, and some substrates were used 
more intensely by zooplankton-associated bacteria. Ita-
conic acid accounted for more than 12 % of substrate usage 
among crustacean zooplankton, glycogen was a major 
component of the crab-associated bacteria metabolic pro-
file, and phenylethylamine contributed more than 10 % of 
the Mnemiopsis metabolic profile. This again suggests the 
importance of zooplankton as the sites of intense usage of 
particular substrates that are potentially not well exploited 
by free-living bacteria.
Similar to the results of our laboratory experiments, the 
inclusion of anaerobic microhabitats increased the num-
ber of substrates utilized by free-living bacteria by 20 %. 
Among the free-living bacteria replicates, their aerobic 
metabolic profiles were only 54.4 % similar on average, 
and their anaerobic metabolic profiles were 78.8 % simi-
lar on average. This suggests that while anaerobic bacteria 
are present within the water column (Crump et al. 2007), 
they appear to have a less diverse functionality. In contrast, 
zooplankton-associated bacteria samples exhibited a wider 
range of anaerobic metabolic profiles (10.9–73.3 % simi-
larity among individual zooplankters, 41.7 % average). The 
utilization of additional substrates not used by free-living 
bacteria and more intense utilization of other substrates 
indicate that the presence of zooplankton microhabitats and 
their bacteria substantially expand the functionality of the 
anaerobic bacterial community as a whole.
While it has been noted that zooplankton groups within 
the same system can support bacterial communities with 
different metabolic profiles (this study, Bickel et al. 2014), 
the reason behind these diverse metabolic capabilities 
remains to be investigated. One factor that can potentially 
influence the metabolic profile is the types of substrate 
available within a microenvironment. Gelatinous salps, 
euphausiids, amphipods, copepods, and the colonial cyano-
bacteria, Trichodesmium, collected from the Sargasso Sea 
each produced a distinct chromophoric dissolved organic 
material signature (Steinberg et al. 2004). Mnemiopsis 
exudates are high in carbon relative to nitrogen with a 
DOC:DON ratio of 29:1 (Condon et al. 2010), while Acar-
tia excreta have a relatively low C:N ratio of approximately 
2:1 (Saba et al. 2009). Thus, it is likely that each zooplank-
ton group produces a distinct set of substrates, and the bac-
terial community can respond either through changing the 
community structure or by altering substrate uptake effi-
ciencies (Sundh 1992; Condon et al. 2011).
Importance of the zooplankton microenvironment
The environmental heterogeneity hypothesis predicts that 
biodiversity within a system would increase with habi-
tat diversification and complexity (Pianka 1966). This 
has been observed among freshwater phytoplankton 
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(Richerson et al. 1970) and zooplankton (Whiteside and 
Harmsworth 1967). The potential importance of micro-
scopic habitat heterogeneity has been highlighted in regard 
to shaping bacterial motility, community composition 
and biogeochemical processes (Azam and Malfatti 2007; 
Stocker 2012). Free-living bacteria congregate around 
microscale nutrient patches (Blackburn et al. 1998), and 
it has been suggested that the abundance and connectiv-
ity of microscale patches may influence bacterial diversity 
by increasing habitat heterogeneity (Shade et al. 2008). 
Although the previous studies dealt with species or genetic 
diversity, the same concept could be applied to functional 
diversity. From a microbial perspective, high zooplankton 
species diversity also means an increase in habitat and sub-
strate heterogeneities. Therefore, systems with a diverse 
zooplankton community would be expected to support a 
more functionally diverse zooplankton-associated bacterial 
community, thereby expanding the range of biogeochemi-
cal processes within the water column.
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